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As a rule of thumb, the interfacial bonding between deteriorated concrete structures with a newly overlay
repair material is one of the most important factors for structural functionality and safety as well as dura-
bility performance. In order to acquire an enhanced resistance against penetration of harmful substances,
a good and effective bonding is necessary at the concrete interfaces. The objective of this study is to
examine experimentally the mechanical properties and permeability characteristics of the interface
between normal concrete (NC) substrate which represents old concrete structures and an overlay of ultra
high performance fiber concrete (UHPFC) as a repair material. The mechanical interfacial bond character-
istics were assessed using the slant shear and splitting tensile tests to quantify the influence of the dif-
ferently roughened substrate surfaces. On the other hand, the permeability characteristics were
evaluated by means of the rapid chloride permeability, gas and water permeability tests. The results
show that the newly overlay UHPFC achieves high bond strength and bonds efficiently with the NC sub-
strates. The specimens with sand blasted substrate surface give the best interfacial mechanical bonding
in comparison to other types of surface preparation. The permeability tests proved that the interfacial
bonding is very good and efficient which significantly improve the impermeability of the composites,
and this was clearly shown by the SEM micrograph of the interface. Hence, it is envisaged that the use
of UHPFC concomitant with appropriate surface preparation of the substrate should be able to provide
effective and durable concrete repair.
Crown Copyright  2012 Published by Elsevier Ltd. All rights reserved.1. Introduction
The early and premature deterioration of reinforced concrete
structures is a serious issue for many nations, as it could put the
public safety in jeopardy and the escalating repair cost could di-
rectly burden the future economy. In order to reduce this problem
to a minimum and at the same time to maintain the basic function-
alities and structural adequacies of these reinforced concrete struc-
tures, the frequency and extent of repair interventions should be
kept to the lowest probable level [1].012 Published by Elsevier Ltd. All r
60 4594 1009.
ar).While more and more so-called ‘‘durable’’ repair materials such
as low slump dense concrete, high flow concrete, resin based repair
mortar and concrete as well as polymer modified mortar and con-
crete have been developed in the market for concrete repair appli-
cation using different techniques such as patching, overlaying,
spraying as well as pressure grouting, the current concrete repair
experiences portray a mixed bag of repair performance [2,3]. It
has been estimated that almost half of all concrete repair systems
fail in the field [4]. Concrete repairs are often perceived to lack both
early age performance and long-term durability. Therefore, it is of
great research significance and challenge to develop effective and
durable repair systems, which should address the underlying con-
crete deterioration problems and protect the repaired concrete
structures from the aggressive environment in the long run [5].ights reserved.
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concrete (UHPFC), in conjunction with its outstanding mechanical
properties, have promoted and established the core idea of utiliz-
ing UHPFC to rehabilitate and strengthen zones where structures
are exposed to high mechanical loadings as well as in the case of
severe environmental exposure conditions [1,6].
In the field of retrofitting and strengthening of concrete struc-
tures, the needs to place new concrete or repair material next to
old concrete often arise [7]. In such cases, the bond strength be-
tween the new material and the old concrete generally presents
a weak link in the repaired structures [7,8]. A good, efficient and
durable bonding is one of the main requirements for effective
and successful repair [9,10]. UHPFC can be a good alternative to
the usual overlay materials provided there is a strong mechanical
bond formed between the UHPFC as an overlay material and the
concrete substratum [11].
The main objective of this study is to evaluate the interfacial
bond characteristics between normal concrete (NC substrate) as
an old concrete and UHPFC as a repair material. In order to assess
the bond characteristics, several testing techniques including the
slant shear, splitting tensile, rapid chloride permeability, gas per-Table 1
Mix proportions for NC substrate and UHPFC.
Concrete type (kg/m3) NC substrate UHPFC
OPC (Type 1, 42.5R) 400 768
Coarse aggregate (max. 12.5 mm) 930 –
River sand (F.M. = 2.4) 873 –
Mining sand (<1180 lm) – 1140
Silica fume (23.7 m2/g) – 192
Steel fiber (Lf = 10 mm, df = 0.2 mm) – 157




Cube strength, fcc,28d 45 MPa 170 MPa
Split cylinder tension strength, fsp,28d 2.75 MPa 15.3 MPa
Fig. 1. Control NC specimens for (a) compressmeability, water permeability and scanning electron microscopy
(SEM) were employed. Hence, the overall study encompasses the
evaluation of mechanical bond performance of the composite,
chloride resistant characteristic, gas and water permeability, as
well as micro-structural characteristic of the transition zone be-
tween the substrate and the UHPFC.
2. Experimental program
2.1. Mix proportions
Two different concrete grades were used in this study, one being a Grade-40
normal concrete and the other one is a Grade-170 UHPFC. The normal concrete
(NC) used was designed according to ACI 211 [12] guideline, using ASTM Type 1 ce-
ment complying the requirements of ASTM C150/ASTM C150 M [13], natural river
sand with fineness modulus of 2.4, crushed granite coarse aggregate with a maxi-
mum aggregate size of 12.5 mm, and a water/cement ratio of 0.5. Superplasticizer
was used to achieve a slump value of between 150 mm and 180 mm.
In the case of the UHPFC which was used as repair material, the mix proportions
were derived based on previous work on UHPFC [14] and series of trial mixes, to
optimize the mix proportions to suit locally available materials as well as to achieve
the highest possible level of strength. The UHPFC contains ASTM Type 1 cement;
densified silica fume containing more than 92% silicon dioxide (SiO2) and with par-
ticle size in the range of 0.1–1 lm and specific surface area of 23.7 m2/g; mining
sand with particle size ranging from 100 lm to 1180 lm and specific gravity of
2.65; very high strength straight steel micro-fiber (minimum tensile strength of
2500 MPa) with a discrete fiber length of 10 mm and diameter of 0.2 mm; and a
polycarboxylic ether based superplasticizer to achieve a flow [15] of 200 mm. The
mix proportions for both the NC and UHPFC are given in Table 1 together with
28-day compressive and tensile splitting strength values. The NC and the UHPFC re-
corded a 28-day compressive strength of 45 MPa and 170 MPa, respectively, while
the 28-day tensile splitting strength was 2.75 MPa and 15.3 MPa, respectively. The
compressive strength and tensile splitting strength were performed on prism sam-
ples (100  100  300 mm) and cylindrical samples (100 mm diameter  200 mm
height), respectively, as shown in Fig. 1.
2.2. Preparation of samples
Each of the tested specimens comprised two materials: NC as substrate and
UHPFC as repair material. Samples representing the NC substrate were prepared
using the mix proportions given in Table 1. After casting, the fresh NC samples were
covered with wet hessian and left to set in their respective molds for 1 day. On the
following day, they were removed from the molds, cleaned and cured in water






Fig. 2. Slant shear test specimens with five different surface textures.
(a)
(c)
Fig. 3. (a) NC substrate prior to overlaying of UHPFC and (b) slant shear test set-up for t
tensile test set-up for the composite specimen.
540 B.A. Tayeh et al. / Construction and Building Materials 36 (2012) 538–548from the curing tank at day 3 and then dried prior to undergoing surface prepara-
tion/roughening. In this study, the major experimental parameter is the type of sur-
face roughening method. Five different surface textures were used: (i) as cast; i.e.
without surface preparation (AC) as reference; (ii) sand blasted (SB) purposely
exposing the aggregates, (iii) wire brushed (WB) without exposing the aggregates,
(iv) drilled holes (DH), each hole having 10 mm diameter and 5 mm depth, and (iv)
grooved (GR), with 10 mm width and 5 mm depth.
Fig. 2 shows the NC substrate halves of the slant shear test samples with differ-
ent surface textures. The NC substrate specimens were cured in water maintained
at room temperature of 27 ± 2 C up to 28 days from the initial casting date. Then,
they were taken out from the curing tank and left to dry for 2 months. Thus, the to-
tal duration before casting the UHPFC as a repair material was 3 months.
Before casting the UHPFC onto the NC substrates, the surface of the roughened
NC substrates was moistened for 10 min and wiped dry with a cloth. Subsequently,
the NC substrates were placed into their respective molds with the slanting side
facing upward to be overlaid with the UHPFC (refer to Fig. 3a), for the case of the
slant shear specimens. In the case of the tensile splitting cylindrical samples, the
NC substrate halves of the samples were placed vertically at one side of the cylin-
drical molds (refer to Fig. 3c) prior to filling the remaining halve with the UHPFC.
The completed composite specimens are shown in Fig. 3b and d for both the slant
shear and splitting tensile, respectively.(b)
(d)
he composite specimen, (c) NC substrate after overlaying of UHPFC and (d) splitting
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perature of 90 C and 100% relative humidity, and subsequently cured in water
maintained at room temperature of 27 ± 2 C until the testing day. The slant shear
and splitting tensile tests were performed on the 3, 7 and 28 days after casting the
composites, while the rapid chloride permeability, gas and water permeability tests
were performed at 7 and 28 days.
2.3. Test procedures
2.3.1. Slant shear test
The slant shear test method as per ASTM C882 [16] has become the most widely
accepted test and has been adopted by a number of international codes for assess-
ing bond characteristics. This test was used in this study to determine the bond
strength between the NC substrate and the UHPFC. Following this test procedures,
UHPFC was cast and bonded to the NC substrate specimens on a slant plane inclined
vertically at an angle of 30 to form composite prism specimens (100 mm 
100 mm  300 mm) as shown in Fig. 3b. The bond strength from the slant shear test
was calculated by dividing the maximum load with the bonded area, which can be




where S is the bond strength (in MPa); P is the maximum force recorded (in N) and AL
is the area of the slant surface (in mm2). In this case the slant surface area can be
taken as a nominal value of 100  100/sin 30 = 20,000 mm2.
2.3.2. Splitting tensile test
The splitting tensile test as per ASTM C496 [17], as an indirect tensile test, was
conducted to evaluate the bond strength between the NC substrate and UHPFC. In
this test procedures, UHPFC was cast and bonded to the NC substrate specimens to
form a cylindrical composite sample (100 mm diameter and 200 mm height) as
shown in Fig. 3d. The splitting tensile strength was calculated using Eq. (2).
T ¼ 2PpAT ð2Þ
where T is the splitting tensile strength (in MPa); P is the maximum applied load (in
N); and AT is the area of bond plane (in mm2). In this case the bonded area can be
taken as a nominal value of 200  100 = 20,000 mm2.
2.3.3. Rapid chloride permeability test
The rapid chloride permeability test (RCPT) was performed in accordance to the
procedures prescribed in ASTM C1202–94 [18]. This test method involves monitor-
ing the amount of electrical current passing through 50 mm thick slices of 100 mm
nominal diameter cored cylindrical specimens. The positive reservoir of the cell was
filled with 0.30 N (reagent grade) sodium hydroxide (NaOH) solution, while the
negative reservoir was filled with 3.0% sodium chloride (NaCl) solution. A direct
current of 60 V was applied across the specimen, and the resultant current was re-
corded at 5 min intervals covering a total period of 6 h. The total charge passed in
coulombs has been found to be related to the resistance of the specimen to chloride
ion penetration.
The RCPT was firstly conducted on the monolithic NC and UHPFC specimens,
which primarily serve as reference specimens (see Fig. 4 for test setup). The RCPT
was then conducted on the composite NC/UHPFC specimens which come in two dif-
ferent configurations. Fig. 4b shows the composite specimen which composed of
half NC and half UHPFC (denoted as HH) where the bond interface is parallel toFig. 4. (a) Rapid chloride permeability test (RCPT) on composite specimens of NCthe electrical flow, whereas Fig. 4c shows the composite specimen which composed
of a layer of 40 mm thick NC substrate overlaid with a layer of 10 mm UHPFC (de-
noted as OV) where the bond interface is perpendicular to the direction electric
flow. In general, the OV composite specimen simulates most actual repair scenarios
in the field where existing concrete structural members are patched or grouted
with a layer of new repair material. The HH composite specimens were tested to
provide a quantitative comparison between the HH composite specimens and the
monolithic specimens.2.3.4. Gas permeability test
Gas permeability test is commonly used to evaluate the durability characteris-
tics of concrete. In this study, a gas permeability apparatus similar to that devel-
oped by Cabrera and Lynsdale [19] was used to assess the permeability of the
concrete samples. Cylindrical concrete specimens of 55 mm diameter and 40 mm
thick were obtained by coring the slant shear test specimen. Prior to testing, all
specimens were oven dried at a temperature of 105 C for a period of 24 h, to re-
move evaporable water which could influence the test results. Following the oven
drying, a thin layer of silicon rubber was applied to the curved surface of the sam-
ples and they were subsequently stored in a desiccator for 24 h. The specimens
were then placed in the permeability cell and gas pressure of 2.5 bars (i.e.
250 kPa) was applied for 10 min to reach steady state. The time of the gas flow
was measured using the appropriate bubble flow meter. The gas permeability coef-
ficient, K was calculated using Eq. (3) which is a modified Darcy’s equation as pro-
posed by Grube and Lawrence [20]. The technique was successfully utilized to




where L is the thickness of the sample (in m); A is the cross-sectional area of the
cored sample (in m2); Q is the measured gas flow rate (in m3/s); l is the coefficient
of viscosity of the gas (in Ns/m2); Pin is the inlet pressure (in bar) and Pout is the outlet
pressure (in bar) which is set to 1 bar.2.3.5. Water permeability test
Water permeability test was performed using the same permeability cells used
for the determination of gas permeability on similar cylindrical concrete specimens.
The test specimens were first placed inside the permeability cells and then water
was introduced on the top of the sample and a pressure head of 2.5 bars was ap-
plied for 3 h in such a way to force the water to penetrate through the sample.





where Kw is the coefficient of water permeability (in m/s); d is the water penetration
depth (in m); v is the porosity of concrete; h is the applied pressure (in m); and t is
the time under pressure (in seconds). The porosity of concrete, v was determined fol-




where m is gain in mass (in kg); A is the cross-sectional area of specimen (in m2), q is
the density of water (1000 kg/m3)./UHPFC (b) Composite HH RCPT sample and (c) Composite OV RCPT sample.
Table 2
Slant shear strength results and failure modes.















As cast surface AC1 193.6 9.68 B 144.1 7.21 A 147.63 7.38 A
AC2 157.1 7.86 B 170.3 8.52 B 208.9 10.45 B
AC3 140.27 7.01 A 193.7 9.69 B 164.39 8.22 B
Mean 8.18 Good Mean 8.47 Good Mean 8.68 Poor
COV 16.66 COV 14.65 COV 18.24
Grooved surface G1 284.91 14.25 C 296.69 14.83 C 294.81 14.74 D
G2 294.06 14.70 D 292.22 14.61 C 246.78 12.34 C
G3 253.30 12.67 C 244.52 12.23 C 293.80 14.69 C
Mean 13.87 Very Mean 13.89 Very Mean 13.92 Good
COV 7.71 Good COV 10.41 Good COV 9.86
Drill holes DH1 235.68 11.78 C 241.94 12.10 C 222.16 11.11 C
DH2 194.38 9.72 B 202.34 10.12 B 249.51 12.48 C
DH3 231.80 11.59 C 221.83 11.09 B 264.37 13.22 C
Mean 11.03 Good Mean 11.10 Good Mean 12.27 Good
COV 10.34 COV 8.92 COV 8.73
Sandblast SB1 335.91 16.80 D 322.66 16.13 D 341.67 17.08 D
SB2 351.13 17.56 D 370.06 18.50 D 362.94 18.15 D
SB3" – – – 337.61 16.88 D 363.82 18.19 D
Mean 17.18 Excellent Mean 17.17 Excellent Mean 17.81 Very
COV 3.13 COV 7.06 COV 3.52 Good
Wire brush WB1 225.94 11.30 C 209.72 10.49 B 282.66 14.13 C
WB2 246.38 12.32 C 263.34 13.17 C 213.31 10.67 B
WB3 213.87 10.69 B 225.91 11.30 C 269.20 13.46 C
Mean 11.44 Good Mean 11.65 Good Mean 12.75 Good
COV 7.18 COV 11.81 COV 14.42
Type A failure Type B failure Type C failure Type D failure
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In order to study the microstructure of the interface between the NC substrate
and the UHPC, core samples were extracted from the transition zone of the slant
shear test sample after performing the slant shear test. Care was taken not to select
the sample that exhibited failure at the interface as shown in Fig. 7. The sample was
then studied using scanning electron microscope (SEM).3. Results and discussion
3.1. Slant shear bond strength
The slant shear test results are summarized in Table 2 and
graphically portrayed in Fig. 5a. Generally, the failure modes could
be grouped into four distinct forms, namely:
(i) Type A: pure interfacial failure where no cracking and frac-
turing can be observed at both the NC substrate and the
UHPFC overlay.
(ii) Type B: interfacial failure combined with minor NC substrate
cracking or damage.
(iii) Type C: interfacial failure combined with substrate fracture.
(iv) Type D: substratum failure.
The experimental results show that the interfacial bonding for
all the surface roughened specimens was generally good and
strong enough as the interfacial failure mostly occurred after the
substrate experiencing some degree of damages. In some of the
specimens, the bond strength was distinctively stronger than that
of the NC substrate because failure occurred mainly in the sub-
strate without interfacial separation or debonding between the
NC substrate and the UHPFC (Type D failure mode).
Fig. 5a presents the slant shear test results corresponding to dif-
ferent surface texture at different age of the specimens. The results
generally exhibit a gradual increase in interfacial bond strength
with age which could be linked to the hydration of cement and
pozzolanic reaction of silica fume producing calcium silicate hy-
drate and increasing the strength of the UHPFC as well as the inter-
facial bond strength of the composite. For example, in the case of
no surface preparation (i.e. AC specimens), the average measured
shear strengths were 8.18, 8.47 and 8.68 MPa on day 3, 7, and
28, respectively. The sand blasted (SB) surface specimens record
the highest 28-day average shear bond strength of 17.8 MPa fol-
lowed by specimens with grooved (GR) surface, wire brushed
(WB) surface, and drilled holes (DH) surface with shear bond
strength of 13.92, 12.75 and 12.27 MPa, respectively. Hence, the re-
sults clearly portray that the different surface preparation methodsFig. 5. (a) Slant shear strength (S) and (b) splitting tensile strenundertaken significantly improved the shear bond strength of the
composite samples when compared with the AC reference samples
with a relative increase of 105%, 60%, 47%, and 41% for the SB, GR,
WB and DH samples, respectively. The tremendous enhancement
in the shear bond strength could generally be attributed to greater
adhesion and interlocking between the UHPFC and the roughened
NC substrate surfaces. This is particularly true for the SB samples
where the roughened or textured hardened NC matrix and the par-
tially exposed aggregates promote superior adhesion concomitant
with excellent interlocking with the UHPFC which ultimately con-
tribute to exceptional interfacial shear bond strength of the com-
posite. Here, the ability of silica fume to improve transition zone
in concrete through its eminent micro-filler effect and outstanding
pozzolanic reactivity [24–26] could have also played a pivotal role
in enhancing the interfacial bond of the composite. It is also possi-
ble that the exposed and textured matrix of the NC substrate could
have provided ready source of Ca(OH)2 for immediate pozzolanic
reaction to occur with silica fume from the UHPFC, hence establish-
ing not only mechanical bond but possibly also chemical bond at
the interface of the composite, a combination that could be termed
as ‘‘mechano-chemical’’ bond.
According to ACI Concrete Repair Guide [27], materials used in
concrete repair work shall have a specified minimum acceptable
bond strength based on the slant shear strength (refer to Table
4). This guide is useful in the selection of appropriate type of repair
materials for rehabilitating deteriorated concrete structures. Based
on this guideline, all the roughened surface textures used in this
study were able to meet the minimum bond strength as specified
in Table 4, with the sand blasting method giving the highest slant
shear bond strength. Furthermore, it is very obvious that the 28-
day shear bond strength of 8.68 MPa for the AC reference compos-
ite does not comply with the specified minimum value [27], which
further emphasizes the necessities for surface preparation of con-
crete substrate in concrete repair scenario. The findings of the pres-
ent study are generally in agreement the results of previous
research [11,28,29] on the influence of roughness and surface
treatment on bond and adhesion in concrete repair, i.e. surface
preparation has strong influence on bond and adhesion.3.2. Splitting tensile bond strength
Table 3 summarizes the results of the split cylinder tensile test
and the associated failure modes. The failure modes can generally
be categorized into three types, namely; (i) pure interface failure
where no cracking and fracturing can be observed at both the NCgth (T) for each type of substrate surface at different ages.
Table 3
Splitting tensile strength and failure modes.

















As cast surface AC1 56.95 1.81 A 58.756 1.87 A 58.71
1.87 B
AC2 48.714 1.55 A 61.28 1.95 B 52.70 1.68 A
AC3 52.057 1.66 A 51.796 1.65 A 62.847 2.00 B




COV 7.88 COV 8.57 COV 8.78
Grooved surface G1 96.43 3.07 C 98.67 3.14 C 108.13
3.44 C
G2 85.70 2.73 C 90.074 2.87 C 100.62 3.20 C
G3 103.75 3.30 C 106.61 3.40 C 96.113 3.06 C
Mean 3.03 Excellent Mean 3.14 Excellent Mean 3.24 Excellent
COV 9.53 COV 8.40 COV 5.97
Drill
holes
DH1 78.13 2.49 B 73.875 2.35 C 80.031 2.55 C
DH2 88.44 2.82 B 60.906 1.94 B 89.281 2.84 C
DH3 65.05 2.07 B 79.875 2.54 C 75.391 2.40 C
Mean 2.46 Excellent Mean 2.28 Excellent Mean 2.60 Excellent
COV 15.18 COV 13.55 COV 8.67
Sandblast SB1 105.28 3.35 C 103.88 3.31 C 121.25 3.86 C
SB2 120.59 3.84 C 130.5 4.16 C 128.36 4.09 C
SB3 108.49 3.46 C 98.371 3.13 C 107.58 3.43 C
Mean 3.55 Excellent Mean 3.53 Excellent Mean 3.79 Excellent
COV 7.25 COV 15.49 COV 8.87
Wire
brush
WB1 70.60 2.25 C 62.5 1.99 B 99.543 3.17 C
WB2 66.02 2.10 B 81.324 2.59 C 86.641 2.76 C
WB3 82.251 2.62 C 76.029 2.42 C 92.428 2.94 C
Mean 2.32 Excellent Mean 2.33 Excellent Mean 2.96 Excellent
COV 11.47 COV 13.25 COV 6.96
Type A Failure Type B Failure Type C Failure















Minimum acceptable bond strength range (ACI Concrete Repair
Guide) [27].





Quantitative bond quality in term of bond strength [30].






Fig. 6. Experimental test results on (a) Rapid chloride permeability, (b) Gas
permeability and (c) Water permeability.
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combined with partial substrate failure (Type B) and (iii) substra-
tum failure (Type C). The results show that the bonding for the sur-
faced roughened composite specimens is generally strong since
most of the composite specimens failed in the NC substrate. The
split cylinder tensile strength (T) on day 3 and 7 showed high bond
strength, because the average splitting tensile strength of the com-
posite specimens was near or more than that of the NC substrate
specimen on day 28 (refer to Table 1 where fsp,28d = 2.75 MPa).
Thus, the UHPFC yielded high bond strength with the NC substrate
from the early ages.
Fig. 5b shows that the split cylinder tensile strength of the com-
posites increases slightly with age. For example, the AC composite
specimens recorded average bond strength values of 1.67, 1.82,
and 1.85 MPa at 3, 7 and 28-days, respectively. Similar to the slant
shear test, the SB composite specimens achieved the highest split-
ting tensile strength, with an average tensile strength value of
3.79 MPa recorded at 28 days. The other three composite samples
recorded average 28-day tensile splitting strength value of 3.24,
2.96, and 2.60 MPa for G, WB and DH, respectively. Thus, in com-
parison to the AC reference composite sample, the 28-day tensile
splitting strength of the surface treated composite samples exhib-
ited an increase of 105%, 75%, 60%, and 41%, for SB, G, WB and DH,
respectively. Again, this clearly shows the significant effect of the
different surface preparation methods on the tensile splitting
strength of the composites resulting from better adhesion and
interlocking at the interface.
Comparing the measured tensile splitting strength of the com-
posites with the quantitative bond strength quality proposed by
Sprinkel and Ozyildirim [30] as shown in Table 5, it is very obvious
that strength level achieved by all the surface roughened compos-
ite specimens fall under an ‘‘Excellent’’ bonding category since the
measured bond strength is higher than 2.1 MPa, whereas the AC
composite samples attained a strength value that could be classi-
fied as ‘‘very good’’. In addition, the recorded tensile strength of
the roughened surface composite samples mostly exceeds the ten-
sile splitting strength of the NC concrete substrate except for the
case of the DH sample.
3.3. Rapid chloride permeability
Fig. 6a demonstrates the RCPT results in term of total charge
passed (TCP) in coulombs for the NC substrate, UHPFC, and com-
posite of NC/UHPFC with different NC substrate surface prepara-
tion. Hypothetically, the TCP could be related to the resistance of
the concrete sample against chloride ion penetration. Lower TCP
value indicates greater resistance to chloride ion penetration. In
other words, the TCP value is inversely proportional to the concrete
impermeability.
Comparing the results shown in Fig. 6a, it is clear that the
monolithic UHPFC specimen exhibits the lowest TCP values (i.e.
58 and 34 coulombs at 7 days and 28 days, respectively), followed
by all the OV composite specimens which exhibit TCP values of less
than 100 coulombs. Based on the TCP of both the UHPFC mono-
lithic samples and the OV composite samples, they should have
superior chloride resistant performance. The recorded TCP values
fall under the category of ‘‘Negligible Chloride Permeability’’ accord-
ing to ASTM C1202 [18], which proved that UHPFC is an excellent
choice intended for both newly build concrete structures and for
the case of repair/rehabilitation work on old or aging concrete
structures where durability is of paramount importance. The NC
monolithic specimen exhibits the highest TCP value (i.e. more than
4000 coulombs). This level of TCP for the NC substrate falls under
the category of ‘‘High Chloride Permeability’’ [18], which further
demonstrates that conventional concrete is not suitable for aggres-
sive environmental exposures such as in marine zone.The results also show that the recorded TCP values were almost
the same for all the composite HH specimens (i.e. TCP typically in
546 B.A. Tayeh et al. / Construction and Building Materials 36 (2012) 538–548the range of 1900 coulombs to 2200 coulombs), regardless of the
type of surface textures at the interface. The TCP ratios of HH spec-
imens against the NC specimen are close to 1:2, which indicate that
the electrical current mostly passed through the semi-circle NC
substrate halve of the HH composite samples leaving the UHPFC al-
most impermeable to chloride ion penetration. In addition, this
also seems to signify that the differently prepared surface of the
NC substrate for the HH composite samples has little influenceFig. 7. SEM micrograph of the transition zoneon chloride permeability, demonstrating the superior bond for all
HH composite samples in resisting chloride ion penetration.
3.4. Gas permeability
The test results for gas permeability in the form of gas perme-
ability coefficient (GPC) are presented in Fig. 6b. The figure clearly
portrays that the monolithic UHPFC exhibits zero value of GPCbetween NC substrate and UHPFC overlay.
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type of surface roughness. The monolithic NC specimen records
the highest GPC value (i.e. 3.43  1016 m2 at 28 days). Similar to
the case of RCPT, the recorded GPC values were almost the same
for all the composite HH specimens (i.e. typically in the range of
1.25–1.48  1016 m2), with minimal effect of the type of surface
textures at the interface. The GPC ratios of the HH specimens
against the NC specimen are close to 1:2, which suggest that the
gas mostly passed through the half semi-circle portion of the NC
substrate during the test with little or no influence of the interfa-
cial bond.
3.5. Water permeability
vThe test results for the water permeability test in the form of
water permeability coefficient (WPC) as presented in Fig. 6c clearly
portray that the monolithic UHPFC exhibits extremely low value of
WPC, followed by all the OV composite specimens which also dis-
play negligible value of WPC regardless of the type of NC substrate
surface roughness at the interface. The monolithic NC specimen
exhibits the highest WPC of 14.65  1011 m/s at 28 days, which
is 1331 times higher than that of the UHPFC samples. On the other
hand, the recorded WPC for all the composite HH specimens ranges
from 3–61011 m/s, with minimal influence of interfacial surface
textures. The WPC ratios of HH specimens against NC specimen are
close to 1:3, which suggests that all of the water mostly passed
through the semi-circle NC substrate halve of the composite
samples.
3.6. Microstructure of the transition zone between the NC substrate
and UHPFC
Fig. 7 shows the SEM micrograph on the microstructure of the
transition zone between the NC substrate and UHPFC overlay. It
is clear that the transition zone between the NC substrate and
the UHPFC remains intact with negligible severe cracking or sepa-
ration at the interface despite the fact that the sample analyzed
was taken from composite sample that was previously tested for
slant shear strength. Hence, albeit the fact that the sample has
failed by substratum NC failure (Type D), the interface was not
affected, which demonstrates the superior interfacial composite
bond resulting from the sand blasting surface preparation
performed on the NC substrate. As explained earlier in Section
3.1, the sand blasted surface of the NC substrate could have pro-
moted better adhesion, superior interlocking and probably also
creating a conducive environment for the micro-filler effect and
pozzolanic reaction of silica fume to take place, which as a whole
contributes to more superior interfacial composite bond which at
the same time improves the impermeability characteristics at the
interface.
4. Conclusions
From the results presented earlier on the study on mechanical
and permeability properties of the interface between normal con-
crete substrate and ultra high performance fiber concrete overlay,
the following conclusions are offered:
1. The bond strength in the slant shear test was very strong, as the
interfacial failure occurred after the damage of the NC sub-
strate. The NC substrate firstly exhibited cracking and crushing
prior to interfacial failure. In some specimens, the bond
strength was obviously stronger than the NC substrate given
that the failure occurred in the NC substrate without interfacial
separation or debonding between the NC substrate and
UHPFC.2. The results of splitting tensile test show that the failure mostly
occurred in the NC substrate. This meant that UHPFC bonded
very strongly and efficiently with the NC substrate, resulting
in composite that behaves almost monolithically.
3. The results of RCPT, gas and water permeability confirm that
UHPFC has very low permeability characteristics causing high
resistance against chloride penetration as well as gas and water
permeation. Thus, the UHPFC could form a good interfacial bond
with the NC substrate and improved the resistance of the NC
substrate against the penetration of chloride and other aggres-
sive fluids. Such attributes is expected to increase the service
life of the repaired structures.
4. The SEM images of the microstructure of the transition zone
between the NC substrate and UHPFC confirm that UHPFC
adheres and interlocks well with the NC substrate, thereby
leading to a strong bond between them even after being tested,
and consequently enabling a safe, efficient and durable rehabil-
itation process.Acknowledgment
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